A micro-fiberoptic methodology has been developed for noninvasive, real time measurement of endogenous pyridine nucleotide fluorescence from the surface of the visceral yolk sac (VYS) in intact, viable rat conceptuses. Gestational day (GD) 10-12 conceptuses are maintained in a customized perifusion system, which allows for control of oxygenation, as well as the continuous measurement of pH and oxygen concentration in the effluent perifusate. Miniaturized light guides were constructed by drawing 250 pm ESKA acrylic optical fibers through a stainless steel sheath with a high strength epoxy polymer. A single fiber supplied the excitation signal from a mercury arc lamp at a wavelength of 366 nm. The emission signal was returned via three additional fibers, electronically amplified, processed, and recorded, using a dual channel lamp-compensated fluorometer, optimized for detection of reduced pyridine nucleotides a t 455 nm. Endogenous fluorescence in the conceptus was monitored by placing the polished tip of the sensor directly on the surface of the VYS. Oxygen-equilibrated conceptuses, exposed to 100% nitrogen, produced a reproducible biphasic surface fluorescence peak, which returned to baseline levels upon reoxygenation of the perifusate. This biphasic response consisted of an initial rapid rise in fluorescence (phase I), followed by a n attenuated rate in fluorescence signal increase (phase 11). The hypoxia produced age-dependent rates of fluorescence change during phase I, while phase I1 remained relatively unchanged throughout GD 10-12. These results demonstrate the ability to monitor endogenous fluorescence, non-invasively and in real time, during the period of organogenesis in the intact rat conceptus and will provide valuable information in studies of embryonic metabolism and response to chemical embryotoxicants. o 1993 Wiley-Liss, Inc.
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The ability to elucidate mechanisms of teratogenesis has been hampered by the need to superimpose the biochemical and physiological disturbances elicited by chemicals and environmental factors, over an already complex and poorly understood developmental program. It is becoming clear that many mechanisms of teratogenesis may also involve alterations of several interrelated pathways including those responsible for metabolism, energy production, and cellular protection. Recent reports have focused on the role of oxygen concentration and the cellular selectivity for chemical toxicity based on the ability to deal with abnormally low or high oxygen concentrations during different phases of embryogenesis (Fantel et al., '89, '91) . While the direct effects of altered oxygen concentration have been shown to play an important role in determining embryotoxicity, other consequences related to alterations in metabolism and energy production may also produce equally detrimental effects.
One particular area of concern during development is the flux of cellular reducing equivalents, in the form of the pyridine nucleotides [NAD(P)H], which are vital for biosynthesis, energy production, and maintenance of cellular homeostasis. Demonstrations of high metabolic and detoxicative capacity in the rodent visceral yolk sac (VYS), including those involving cytochrome P,,, monooxygenases, also involve the flux of pyridine nucleotides and suggest that the dynamic relationship between the embryo and its extraembryonic membranes may be of critical importance in determining the overall consequences of exposure to chemicals or extreme environmental changes. A micro-fiberoptic monitoring procedure capable of detecting alterations in pyridine nucleotide status in intact, viable conceptuses (conceptus, in this report refers t o the intact embryo, its associated extraembryonic membranes, and the ectoplacental cone, as prepared for whole embryo culture), noninvasively and in real time, greatly enhances the ability to evaluate the importance of such alterations during normal embryogenesis and, as a consequence, of xenobiotic insult.
Using a two-fiber micro-light guide, Ji et al. (79) showed that it was possible t o measure changes in NADH fluorescence from the surface of an intact liver. Over the subsequent years this technology has been further refined, particularly in the laboratory of R. G. Thurman (Ji et al., '80; Thurman and Lemasters, '88) , and applied to studies concerning the dynamic functional differences that exist between periportal and pericentral hepatocytes, including differences in intermediary metabolism, bioactivation, detoxication, lipid metabolism, glutathione (GSH) conjugation, and others (Thurman and Lemasters, '88; Belinsky et al., '85; Olson and Thurman, '84; Harris and Thurman, '86) .
The basic principle of micro-fiberoptic operation (using endogenous pyridine nucleotide fluorescence as an example) involves placement of two or more optical fibers against the surface of the tissue to be evaluated. Illumination of the surface by fibers emanating from a filtered 366 nm mercury arc lamp source excite NADH and NADPH, eliciting a broad visible fluorescence peak at 455 nm. This signal is transmitted via one or more collection fibers to a photomultiplier for detection and subsequent electronic amplification and recording. In normally aerobic tissues, such as the liver, NAD(H) is found predominantly in the oxidized form while NADP(H) remains primarily in the reduced form (Sies, '82) . Only the reduced pyridine nucleotides will fluoresce when excited at 366 nm. NADH is oxidized primarily in the respiratory chain of the mitochondria by a mechanism dependent on the concentration of molecular oxygen. When oxygen is removed from the system NAD' becomes reduced (to NADH), but not until the tissues become almost entirely anoxic (Chance et al., '62) . Since NADPH is already in the reduced state, it is believed that virtually all increases in endogenous pyridine nucleotide fluorescence detected by the light guides are due to the increase in NADH. Intracellular levels of both NADP(H) and NAD(H) are high in many cell types [about 0.5 mM in the liver (Thurman and Lemasters, '88)] and conditions affecting either the increase or decrease in total reduced nucleotide should be detectable by the surface fluorescence probe. Very little is known about the flux of pyridine nucleotides in the conceptus during embryogenesis, including possible spatial and temporal differences that may contribute to cell-or tissue-selective embryotoxicity.
The ability to monitor pyridine nucleotide changes non-invasively in the intact developing conceptus will provide a number of powerful advantages for the study of developmental processes during organogenesis and the effects of chemicals and environment on those processes. The changes associated with the transition from anaerobic to aerobic metabolism (Freinkel et al., '84) during critical early periods of neurulation, heart, craniofacial, and limb development, make superimposed chemically induced effects which alter metabolism and cellular oxidation state very difficult to interpret. This is especially true when only static measurements can be made using disrupted tissue samples. The ability to monitor one or more relevant processes such as pyridine nucleotide status in real time and in an intact conceptus will help in understanding the effects of toxic chemicals and oxidative injury in terms of the dynamic changes that may be occurring over time. This approach will prove to be very useful in the evaluation of chemically-induced changes in pyridine nucleotide status during anoxia and hyperoxia, during disruption of intermediary metabolism and mitochondria1 function, during poly-(ADP-ribose) polymerase activity, and as a consequence of the metabolism of model xenobiotics.
MATERIALS AND METHODS

Animals
Time mated, primigravida Sprague Dawley rats are obtained from the University of Michigan Reproductive Sciences Program, P-30 Small Animal Core facility, where the animals are maintained in a 10 hi14 h light/ dark cycle, the dark cycle beginning at 5 pm. Food and water are provided ad libitum. One male is caged with two females in the late afternoon, and the following morning a vaginal smear is used to confirm pregnancy. This is designated as day 0 of gestation.
Whole rat embryo culture On gestation day (GD) 10, pregnant dams are ether anesthetized and the rat conceptuses explanted using routine explantation protocols, as described previously (Hiranruengchok and Harris, '93). The explanted embryos are then grown in culture media composed of 33% heat inactivated female rat serum in Hank's Balanced Salt Solution (HBSS), at pH 7.4 (Gibco, Grand Island, NY). Growth parameters are described in detail in Freeman et al. ('87) .
Perifusion system
A customized perifusion system was designed to maintain the viability of GD 10-12 rat conceptuses in serum-free medium for up to 2 hr of fiberoptic monitoring.
It was important t o construct a system that could maintain constant flow, temperature, pH, dissolved oxygen concentration, control chemical exposure, permit observation of probe placement, and constantly monitor embryo viability (heart rate and VYS vascular flow). The entire perifusion system is shown schematically in Figure 1 . Earle's Balanced Salt Solution (EBSS) was used as perifusate. The EBSS working solution is made up fresh each day, by diluting a stock 10 x solution (Earle et al., '43) to a 1 x concentration and adjusting the pH with sodium bicarbonate to pEI 7.55. EBSS is delivered a t a flow rate of 2 mlimin from a 250 ml media reservoir via a TRIS peristaltic pump (ISCO) to an artificial lung. The customized artificial lung is constructed using a sealed glass jar, with a filtered gas inlet for oxygenation or deoxygenation and a small purge outlet. The perifusate is pumped through coiled, gas permeable medical grade silicone tubing made of Silastic Q7-4750 (Baxter, McGaw Park, IL), I.D. 0.058"
x O.D. 0.077", which insures rapid equilibration of culture medium with ambient nitrogen and the various oxygen concentrations (Berry et al., '74) . Gassed media is warmed to 37°C as it passes through an insulated, heated water jacket prior to entering the fiberoptic monitoring chamber. The effluent perifusate is then directed to flowthrough oxygen and pH monitors (Lazar, CA), which allow for continuous monitoring of both oxygen concentration and pH. These are calibrated to the media, prior to the addition of the rat conceptus, and signals are continuously and simultaneously recorded throughout the experiment. The monitoring chamber itself is constructed from clear, acrylic polymer, with a 4 mm diameter and 5 mm deep well, supplied by warmed media from an inlet in the bottom and removed from a n outlet near the top (see Fig. 2 ) . Small black glass beads (0.5 mm diameter) fill the bottom of the chamber and provide a bed to support the conceptus and through which the perifusate can evenly diffuse during fiberoptic monitoring. The chamber is fitted with a resealable rubber septum a t the top that allows for easy insertion and removal of the stainless steel-sheathed fiberoptic probe. Additionally, it allows for stability, precise positioning of the microlight guide during monitoring, and also provides a means to easily remove air bubbles trapped in the chamber. Recent modifications permit placement of the monitoring chamber on the rotating stage of a reclined slide microscope with a 3.5 x objective lens. This enables more precise placement of the fiberoptic probe and simultaneously allows for constant monitoring of heart rate and visualization of the VYS vascular flow during the experimental period.
Fiberoptic system
The fiberoptic system is optimized for detection of reduced pyridine nucleotides (NADH, NADPH) from the surface of the rat VYS, at a n excitation wavelength of 366 nm and emission wavelength of 455 nm. The micro-fiberoptic probes are constructed by drawing seven 250 pm ESKA acrylic fibers (Edmund Scientific Co., Barrington, NJ) through an 18 gauge stainless steel hypodermic needle, using a high strength polymer epoxy (West System Epoxy, Bay City, MI). The tip is polished t o a microscopically even finish with jeweler's rouge. These materials proved to be relatively easy to manipulate during probe fabrication and result in excellent fluorescence conductance. The fiber configuration is relatively simple (insert , Fig. 2) ; a 100 W Nikon mercury arc lamp with a 366 nm cutoff filter (Corning glass filter no. 5840) provides the excitation signal directed through a single fiber located in the middle of the bundle to the surface of the VYS. Three alternating fibers surrounding the excitation strand, gather the surface fluorescence signal from the VYS and guide it through a 455 nm bandpass filter (Kodak Wratten gelatin filters ZE, 471, to a photomultiplier (PMT) for detection. It is then amplified and processed by a dual channel lamp compensated fluorometer, model DCF-0, (Biomedical Instrumentation Group, University of Pennsylvania). The resultant signals are finally recorded on a strip chart recorder (Linear) at a chart speed of 20 cmihr. The three remaining fibers can be illuminated with a visible incandescent light source during setup to help with probe placement. Routinely, the polished end of the 7-strand guide is gently positioned on the surface of the VYS of a GD 10-12 conceptus resting on its side in the micro-fiberoptic perifusion (MFOP) chamber. The total volume of the VYS actually being monitored this way is equivalent to the intersection of the cone of light emitted from the one excitation fiber to the theoretical cones that are visualized by the three emission fibers. Using the following reference sources (Kapany, '67; J i et al., '79; Gillet, '81; ) , we have calculated the total volume to be approximately 200 pL.
EBSS exposure (morphology and u ia b il i ty assessment)
GD 10 rat conceptuses were exposed to serum-free perifusate (EBSS, 20% O,, 5% CO,, pH 7.4, 37°C) for 2 hr, returned to standard culture medium, and assessed the next day for viability, changes in growth parameters, and presence of malformations (Hiranruengchok and Harris, '93) . Conceptuses were divided into two groups and both were equilibrated for 1 hr in standard culture media (33% rat serum in HBSS). The control group continued incubation in fresh culture media for 2 hr, while the test group was grown for the same time under identical conditions using serum-free EBSS. Both groups were then returned to standard culture media and grown overnight as described above. A morphologic assessment for viability, growth parameters, and presence of malformations was conducted on the following day (GD 11.5) and the results are shown in Table 1 .
Nitrogen exposure
Prior to fluorescence monitoring, the conceptuses are maintained in rat whole ernbryo culture as previously described. At the appropriate time the conceptus is carefully removed from culture and placed in the MFOP chamber. Conceptuses freshly explanted on GD 10 are allowed to equilibrate for at least 1 hr in the culture media before they are removed and placed into the monitoring chamber. Oxygenated EBSS is allowed to circulate for a 10 min equilibration period, after which the oxygen is turned off and nitrogen is allowed to saturate the perifusate for an additional 10 min. The surface fluorescence, pH, and oxygen tension are simultaneously monitored during the entire period. At the end of the nitrogen exposure, the conceptus continues to be monitored while it is allowed to re-equilibrate with oxygen for an additional 10 min.
RESULTS
The MFOP system was developed in two stages. The perifusion apparatus was constructed first and included the development, testing, and verification of physiologic parameters needed to maintain the viability of the whole rat conceptus during an extended period of observation.
Initially, we used standard embryo culture media as perifusate (33% rat serum in HBSS), but it was found to be difficult to work with due to its relatively high viscosity and propensity to develop air bubbles in the tubing. A number of serum-free preparations were tested as perifusate. HBSS, used under normoxic conditions (20% O,, 5% CO,, 75% N, for day 10 and 95% O,, 5% CO, for day 11-12), rapidly became acidic upon oxygenation (pH 6.6-6.8), making it unsatisfactory as perifusate. EBSS, on the other hand, is known to possess improved acid buffering capacity over HBSS (Todd et al., '79) , and resulted in the maintenance of pH in a physiologic range (pH 7.4-7.5) during the normoxic monitoring period. Conceptuses monitored under these conditions for up to 2 hr and then returned to normal culture conditions retained viability and showed no apparent ill effects (see Table 1 ).
Maintaining a physiological temperature of 37°C in the monitoring chamber is important for normal conceptal viability and function. Attempts to prewarm the media in a heated water bath proved unsatisfactory, because of excessive temperatures necessary to compensate for heat loss in transit. An insulated, heated water jacket was developed and placed just prior to the chamber inflow valve, which resulted in the ability to maintain the conceptus a t a constant temperature of 37°C.
In order to insure proper positioning of the rat conceptus in the MFOP chamber, prototype designs employed the use of a spiraled, tungsten wire basket, suspended in the chamber, with a n inlet on the bottom right side of the well and an outlet on the top of the same side. This proved to be unsatisfactory, because the flow of the perifusate formed a hydrodynamic vortex around the conceptus and did not allow for proper mixing of chemicals or adequate surface exposure of the VYS. As a result, a chamber was developed with a n inlet at the bottom, covered with small, black glass beads for more uniform diffusability of the perifusate, and a n outlet placed at the top of the well (see Fig. 2 ). This eliminated the diffusion problem and allowed for improved tissue exposure.
On completion of the perifusion system, the second stage of development was initiated. This entailed the construction and testing of the micro-fiberoptic sensors. Various combinations and sizes of glass and acrylic fibers were tested. Originally, bundles of 50 pm diameter glass fibers numbering 2-140 were drawn through 18-21 gauge stainless steel sheaths with 5 minute epoxy and the ends polished to an even finish with high grain emery paper and jeweler's rouge. Fluorescence intensity using these materials and configurations was poor and microscopic evaluation of the tip revealed an irregular and pitted surface that we were unable to improve. These micro-light guides were constructed in a manner similar to probes used for monitoring sublobular liver function (Ji et al., '80; Harris and Thurman, '86) . Subsequent experimentation determined the fibers of choice to be 250 pm diameter ESKA acrylic fibers, used in bundles of seven, which resulted in improved ease of fabrication and excellent fluorescence signal conductance.
Following final verification of the fiberoptics, the two systems were integrated and preliminary experimentation initiated using live, intact rat conceptuses. A single conceptus was carefully placed in the MFOP chamber, lying on its side on a bed of glass beads. The top was sealed with a rubber septum and the polished end of the fibersensor was gently placed on the surface of the VYS.
Initial fluorescence readings from the surface of the VYS showed a steady baseline fluorescence during a 40 min monitoring period, while bathed in oxygenated, serumfree EBSS (see Fig. 3A ). Arbitrary fluorescence units (AFUs) were measured and standardized to a 1 mm per 30 pvolt deflection on the chart paper. The presence of heart beat and VYS vascular flow were monitored before and after exposures, as an indicator of viability. A new conceptus was routinely equilibrated for 10 min in normoxic perifusate, which was then saturated with 100% nitrogen, and within I min of exposure a reproducible biphasic fluorescence peak was recorded. This biphasic response consisted of an initial rapid rise in fluorescence (phase I), lasting about 2 min, followed by an attenuated fluorescence increase, termed phase 11. When the perifusate was reoxygenated, the endogenous fluorescence returned to pre-exposure levels, indicating a reversible process. This phenomena, as well as pH and oxygen levels, were continuously monitored in GD 10-12 rat conceptuses. Representative profiles are shown in Figure 3B . The following values represent the calculated rates of AFU change as mean r SE (the appropriate n-numbers are shown on the y-axis of Fig.  4 ). For phase I, the mean rates of surface fluorescence increase in GD 10, 11, and 1 2 conceptuses were 25.8 f 1.4, 18.7 i . 3.6, and 12.5 * 5.1 AFUimin, respectively. A considerably smaller change was detected during phase 11, ranging from 4.5 * 0.6, 3.7 2 0.1, and 3.9 f 0.4 AFU/minute for GD 10-12 rat conceptuses, respectively. For comparisons of the rate of fluorescence increase between phase I and phase I1 in conceptuses of ascending age see Figure 4 . The ratios of phase I to phase I1 were also calculated and showed a steady decrease from 5.7, 5.1, to 3.2 in GD 10, 11, to 12 conceptuses, respectively. This decreasing trend is primarily due to the initial rapid rise of endogenous fluorescence emanating from the surface of the VYS. The maximum fluorescence response after 10 min of nitrogen exposure resulted in a consistent and reproducible fluorescence amplitude deflection for each age group. The calculated means * SE for the maximum fluorescence signal deflection in GD 10-12 conceptuses were 4.0 k 0.2,2.6 t 0.2, and 2.7 ? 0.2, respectively (amplitude data were obtained from conceptuses shown in Fig. 4 ). Conceptual age confers distinct response characteristics to the nitrogen in- Fig. 3 . A Recordings representing baseline fluorescence levels from the surface of the VYS in GD 10-12 rat conceptuses during normoxic conditions (20% 0, for GD 10, 95% 0, for GD 11-12). B: Simultaneous real time recordings of oxygen concentration and pH in the effluent perifusate, and fluorescence from the surface of the rat VYS in GD 10-12 rat conceptuses. The oxygen monitor was calibrated by infusion of perifusate equilibrated with 20% 0,, 956 O,, and 100% N, prior to introduction ofthe conceptus. The pH monitor was, likeduced hypoxia. This is very important, since the rat embryo undergoes a transition from anaerobic to aerobic energy metabolism during this period of organogenesis from GD 10-12 (Freinkel et al., '84) .
The emission signal was standardized by wise, calibrated in pH standard solutions of pH 7.0 and pH 10.0. Surface fluorescence was determined as described in Methods, where full-scale deflection, sensitivity, blank suppression, band width, and amplification settings were held constant to allow for interconceptal comparisons. The initial rapid rise in fluorescence of the representative biphasic peak during the nitrogen exposure is termed phase I, while the secondary slower rise in fluorescence is termed phase 11.
always laying the rat conceptus on its side, gently placing the probe on the surface and avoiding the polar ends, which consisted of the maternally derived ectoplacental cone on one end and the protrusion of the great vessels on the other. Heart rate and VYS Comparison of the mean rate of rise of the fluorescence signal between phase I and phase 11, in GD 10-12 rat conceptuses, during exposure to nitrogen induced hypoxia. Phase I was calculated by measuring the mean rate of rise ( 2 SE) ofthe fluorescence signal over time and determined to be 25.8 2 1.4, 18.7 * 3.6, and 12.5 -t 5.1 AFUimin for GD 10, 11, and 12 rat conceptuses, respectively. Phase I1 was measured in the same wayandwasfoundtobe4.5?0.6,3.7? 0.1,and3.9 t 0.4 AFUimin for GD 10-12 conceptuses, respectively. N-numbers are represented within parentheses. vascular flow rate were also important indicators of fluorometric response during the nitrogen exposure. Embryos with poor circulatory parameters (heart rate and VYS vascular flow), generally responded with much lower amplitude, or did not respond at all, to the nitrogen induced hypoxia.
Many studies using fiberoptic technology have focused attention on such tissue types as rat liver (Thurman and Lemasters, '88; Harris and Thurman, , 861 , human muscle (Guezennec et al., '91) , rabbit hearts (Foster et al., '84) , and rat hearts (Minezaki et al., 'go) , and have confirmed increases in NADH fluorescence with hypoxia, but this is the first time that this dynamic hypoxic response has been evaluated during the organogenic period in the intact rat conceptus.
non-invasively, from the surface of the VYS in the rat conceptus, during the period of organogenesis, while exposed to normoxic and hypoxic environmental conditions. Organogenesis stage conceptuses of different gestational age were monitored with a single fiberoptic sensor, using identical equilibration and exposure protocols. A reproducible biphasic fluorescence peak was recorded in GD 10-12 rat conceptuses and the initial rate of increase in tissue surface fluorescence (phase 1) was found to decrease with ascending age (Fig. 41 . The amplitude of response also appears t o decrease with ascending age and may be related t o reported decreases in VYS endoderm volume density (Gupta et al., '82) . As previously mentioned, this increase in endogenous fluorescence is believed to be due to the reduction of NAD' in aerobically active tissues (Chance et al., '62) . The pattern of fluorescence increase was found to be similar on all 3 gestational days monitored and appears very similar to results obtained from the surface of adult rat skin (Pappajohn et al., '72) and the isolated perfused adult rat liver (Ji et al., '80; Thurman and Lemasters, '88) . Although there are differences in the rate of fluorescence rise between GD 10-12 conceptuses, the overall similarity in pattern indicates that VYSs of all 3 days have similar capacity for aerobic metabolism based on the pyridine nucleotide response. Freinkel et al. ('84) showed that the rat embryo undergoes a transition from anaerobic to aerobic energy metabolism in the developmental period from day 10 to day 11. It is, however, not specified if the VYS and the embryo proper undergo parallel changes with respect to aerobic metabolic capacity during this time or if aerobic capacity matures earlier in the VYS. Since the rat VYS is more directly exposed to the relatively oxygen rich maternal circulation and secretions, it would seem reasonable for the VYS to develop aerobic metabolic capacity earlier than in tissues of the embryo proper which remain relatively hypoxic on GD 10. The change to aerobic metabolism in the embryo proper closely corresponds to the time period when an a;-tive vitelline and embryonic circulation becomes operational (Copp and Cockroft, '90) . thus matching a potential increase in embryonic oxygen concentration with a metabolically more efficient Kreb's cycle.
Our observations appear to contradict the
DISCUSSION
The MFOP system has shown the ability to maintain viability of a n intact rat conceptus for up to 2 h r of fiberoptic monitoring in serum-free media. It was possible to measure endogenous fluorescence in real time, widely held notion that the GD 10 conceptus is still in an anaerobic state and, having immature mitochondria, would not be expected to behave as the GD 11 or 12 conceptuses by increasing surface fluorescence during hypoxia as we have shown (Fig. 3B) . The determinations that the GD 10 conceptus is anaerobic are based on studies using either embryo or whole conceptuses (Freinkel et al., '84) and through analysis of mitochondria1 maturation and function in the developing embryonic heart (Mackler et al., '71; Fantel et al., '90) . These studies do not preclude, however, the possibility that differential spatial and temporal maturation of mitochondria is taking place between embryo and VYS, much like that shown for asymmetrical mitochondria maturation related to head defects produced from cocaine exposure in vitro (Fantel et al., '90) . Through the novel application of the microfiberoptic methodology presented in this report we provide evidence that the VYS (from which surface measurements are made) may, indeed, develop aerobic metabolic capacity earlier in gestation than in tissues of the embryo proper. It is not yet known whether the embryo proper and VYS would react in the same way in response to hypoxia. The simultaneous use of two ultrasmall sensors, one on the surface of the VYS and the second on the surface of the embryo proper, could provide a means to evaluate these differences in the developing conceptus.
Phase I showed the greatest increase in the rate of fluorescence, possibly reflecting the reduction of total NAD(H) stores, especially in the younger conceptuses. This rate of response decreased over time, the GD 12 rate being nearly one-half of the rates seen on GD 10. Phase 11, on the other hand, showed little variation between the three ages. This secondary effect may indicate the activation of pathways resulting from interconversion, accumulation, or biosynthesis of reduced pyridine nucleotides or possibly the appearance of other fluorophores with similar excitationiemission spectra. It is important to note that this reproducible rise and then rapid return to baseline levels of the endogenous surface fluorescence signal (following return to normoxic conditions), indicates that very dynamic intracellular processes are operating in the VYS during the nitrogen exposure.
Surface fluorometry, as its name implies, There are many advantages to using this MFOP system. First, the rat conceptus is kept intact, viable, and can be reintroduced to whole embryo culture following non-invasive fiberoptic monitoring, in order to evaluate additional parameters, such as morphologic and metabolic endpoints. The data is acquired in real time and on a continuous basis, thereby avoiding the necessity of obtaining static measurements requiring sacrifice of the animal and possible introduction of artifacts due to preparation. The rat conceptus also serves as its own experimental control, thus reducing the number of animals required to complete a study. Additional benefits of the MFOP system include its versatility and the ability to use exogenous customized fluorescence probe substrates to monitor other biochemical reactions or physiological processes. By changing the appropriate fiberoptic cutoff filters, matched to a particular fluorophore's excitationiemission spectrum, it should provide additional information without system modifications. The use of this fiberoptic technology has many potential applications, from drug and toxicology testing, evaluation of physiological and developmental function, and investigations into mechanisms of teratology.
